Abstract. Volatile organic compounds (VOCs) contamination in groundwater was a widespread environmental problem and potential threat to public health and safety in adjacent areas. A pilot study of in-situ Chemical Oxidation (ISCO) for VOCs removal was demonstrated in a retired pesticide factory, with an in-situ injection system complied with 40 injection wells system. The average concentration of benzene and 4-chlorotoluene in the plume decreased by 54.19% and 58.02% respectively, after nine rounds of injection treatment with a total of approximately 34 tons of hydrogen peroxide. The results indicate that ISCO is an effective remediation alternative of VOCs in groundwater.
Introduction
Volatile organic compounds (VOCs) are organic chemicals that have a high vapor pressure at ordinary room temperature, which are often associated with organic chemical production in the chemical industry [1] . Their solubility and limited sorption to soil and sediments make them easier to be mobile in the vadose zone and groundwater, while strong volatility and toxicity could allow them to be volatilized from groundwater and exposed to the human beings and posing threat to the public health [2] .
A variety of different remediation technologies could be available for VOCs removal from groundwater, such as vapor extraction, thermal desorption, bioremediation, etc. However, Vapor extraction and thermal desorption could require equipment investment and high operation cost, while bioremediation is often time-consuming with additional environmental compliance required [3] .
In-situ Chemical Oxidation (ISCO) become a viable alternative for groundwater remediation due to the rapid development of chemical oxidation application in wastewater treatment areas, which often use oxidants to destroy the different organic compounds of concern [4] . In the case of ISCO, oxidant delivery is commonly accomplished through permeation by vertical direct push injection probes or flushing by vertical groundwater wells. Compared with other remediation technologies, ISCO provides alternative remedy with swift treatment period and reasonable operation cost. There are several different oxidant formulations that were commonly used for ISCO application including hydrogen peroxide, permanganate, persulfate, ozone, etc. [5] . Previous research in ISCO was focused on the use of catalyzed hydrogen peroxide using the classic Fenton's process, based on the reaction of hydrogen peroxide with ferrous ions to generate a wide variety of radicals by adding iron sulphate. Fenton's reagent was applied to treat most volatile organic compounds with good results [6] . As far as potassium permanganate (KMnO 4 ) is concerned, its application for chemical oxidation has been mainly focused on the treatment of chlorinated solvents and showed higher removal rates [7] . Persulfate is a kind of new oxidant that has been widely used in recent years. It overcomes some of the limitation of short lifetime of Fenton's reagent and narrow reaction range of KMnO 4 [8] .
Recent study in the last decade prompted a rapid development of ISCO technology that led to the application of In-Situ Chemical Oxidation to several projects, especially in the United States [9] .
Differently from the US, the development of full-scale ISCO application in China is surely more limited. Most of the research is focus on the laboratory simulation, and the impacts of environmental factors are less studied [10] . The objective of this study was to investigate the potential of ISCO for a VOCs contaminated site by applying a pilot-scale system to testify the feasibility of ISCO for several volatile organic solvents. In addition, the effect of environmental factors on ISCO was also discussed in this study.
Materials and Methods

Site Description
The brownfield site was located in Hangzhou city, with a total area of 147 hectares. The site was used for pesticide, herbicide and intermediates manufacturing from 1956 to 2009. Preliminary environmental site assessment provided that the benzene and 4-Chlorotoluene are the main pollutants in this site. The Maximum concentrations were benzene 1.61×10 5 µg/L, 4-chlorobenzene
4 µg/L.
In-situ Injection System
An in situ chemical injection system is designed for the preparation, dilution, mixing, agitation and injection. The system consists of dosing unit, mixing unit, injection unit and electronic control unit. It can be used with a fixed injection well or directly injection device. The system maximum filling pressure up to 4.0MP, the maximum injection volume up to 2500L/h. ISCO pilot experiment was operated in a heavily contaminated area, approximately 4500 square meters, has been provided in preliminary site investigation. A total of 40 injection wells and 6 monitoring wells with 12m depth were set up in this region. The injection device and the chemical warehouse are located by the northeast side of the area. According to the injection pressure (1MPa), injection flow rate (20L/min) and soil permeability, the impact radius of each injection well is 6~8m. In order to ensure the effective coverage of the area, the injection wells are arranged in triangles with a separation of about 5m.
Pilot-scale Experiment
7% hydrogen peroxide was used as oxidizing agent, diluted by 35% of industrial-grade hydrogen peroxide at the site. Citric acid and ferrous sulfate heptahydrate as an activator were added simultaneously in an amount of 37.5mg/L and 275mg/L. The pilot test continued for 72 days with a total of nine rounds of oxidant injection. A total of 35% hydrogen peroxide 34 tons were injected in this area. Benzene and 4-chlorotoluene in groundwater were detection before and after each injection. pH, redox potential and free iron were also tested. All samples were analyzed by a third party agency under the national standard method or EPA method.
Results and Discussions
Remediation Effect
The pilot test conducted a total of nine rounds of injection. The cumulative injection of hydrogen peroxide is 34 tons (calculated at 35%). As the injection progresses, the concentration distribution of benzene and 4-chlorotoluene in groundwater in the experimental area is shown in Fig.2 . From the concentration distribution before the injection, the distribution of benzene in the field is relatively uniform, while the high concentration of 4-chlorotoluene is mainly located in the north. From the results after the sixth round (day 49) of injection, the concentration of contaminants in the south of the area has been significantly reduced. The concentrations of benzene and 4-chlorotoluene in MW3 decreased from initial 5540mg/L and 1310mg/L to 365mg/L and 50mg/L. As the groundwater flow in the pilot area is from north to south, and the north part is heavily polluted and affected by the pollution outside the area, the benzene and 4-chlorotoluene in the north still maintain a high level. The average concentration of benzene and 4-chlorotoluene in groundwater decreased by 54.19% and 58.02%, respectively, after nine rounds of injection. This indicates that it is feasible to use ISCO to remediate groundwater in the area. However, there are still high concentrations of pollution plums on the north, northeast and southeast of the pilot area. 
Environmental Impact Factors Analysis
Groundwater pH, iron ion and redox potential were also tested before and after the third round of injection (day 0 and day 27, Table. 1). The pH of all monitoring wells is stable in the neutral range, and the injection of acid oxidant does not have a significant effect on the pH of the groundwater, which may be related to the buffering capacity of the soil. The Fenton reaction is considered suitable for use under acidic condition. Therefore, due to weak acid conditions, the use of Fenton for groundwater remediation in this site is appropriate. The concentration of iron ion in the groundwater of each well is between 10mg/L and 91.1mg/L. Iron ions can react with hydrogen peroxide to produce Fenton reaction, improving the efficiency of pollutant degradation. However, iron ions react with other anions and precipitate, so adding a certain amount of chelating agent or maintaining a low reaction pH can reduce the deposition of iron ions. Therefore, proper addition of citric acid and ferrous sulfate is necessary. From the results of the oxidation-reduction potential, the value of wm3 is steadily increased from the initial -116mV to 44mV. This indicates that the effect of oxidizing agents on the surrounding groundwater of mw3 is stronger, leading to higher pollutant degradation rates. The redox potential of other monitoring wells did not show significant increase or even downwards, which may be due to the large amount of natural oxygen demand in the soil, or the recharge of contaminated groundwater from other region. Comparing the degradation rate with several environmental factors, it can be found that the increase of redox potential is related to the degradation of organic pollutants. This indicates that the redox potential can be used as an effective indicator to monitor the effect of ISCO. ISCO is recognized as one of the most rapid in situ treatment technologies to remediate organic contaminants in groundwater. According to the FRTR document, the ISCO is classified as "above average" with an average time required for remediation which is generally much lower than more traditional technologies such as Pump & Treat [11] . But in fact the ISCO of groundwater pollution is a very complex system, affected by a lot of environmental factors. Soil texture, groundwater hydrology, and chemical agents have a decisive effect on the final oxidation effect, in addition to pH, oxidation-reduction potentials, and so on. Hence, the ISCO should be performed relying on an integrated evaluation which links site specific characterization tests and further pilot tests with feasibility studies at the lab and field scale [12] . This study is a beneficial attempt to examine the feasibility of ISCO of groundwater. In future, it is also high possible to get a better remediation result by adjusting the injection dose and frequency and optimizing system buildup and injection points.
Summary
ISCO technology of organic polluted groundwater was researched in this study. The results of pilot-scale experiments were indicated that ISCO technology gets a great remediation effect of 54.19% and 58.02% average removal rates for benzene and 4-chlorotoluene. Redox potential is an effective indicator to forecast the effect of ISCO. Through increasing injection dose and frequency and optimizing injection points, ISCO have great potential and could become a promising approach in domestic remediation market.
